Abstract | It is estimated that the human genome contains hundreds of thousands of enhancers, so understanding these gene-regulatory elements is a crucial goal. Several fundamental questions need to be addressed about enhancers, such as how do we identify them all, how do they work, and how do they contribute to disease and evolution? Five prominent researchers in this field look at how much we know already and what needs to be done to answer these questions.
Len A. Pennacchio. Enhancers are classically defined as cis-acting DNA sequences that can increase the transcription of genes. They generally function independently of orientation and at various distances from their target promoter (or promoters). Historically, the identification of enhancers has proved challenging for several reasons 1 . First, enhancers are scattered across the 98% of the human genome that does not encode proteins, resulting in a large search space (billions of base pairs of DNA). Second, while it is known that they regulate genes in cis, their location relative to their target gene (or genes) is highly variable: namely, enhancers can be found upstream or downstream of genes but also within introns. Furthermore, they do not necessarily act on the respective closest promoter but can bypass neighbouring genes to regulate genes located more distantly along a chromosome. And in some cases, individual enhancers have been found to regulate multiple genes 2 , adding further complexity to their functional annotation. Third, in contrast to the well-defined sequence code of protein-coding genes, the general sequence code of enhancers, if one exists at all, is poorly understood. Thus, enhancers cannot be identified computationally from DNA sequence alone with high confidence. Finally, the activity of enhancers can be restricted to a particular tissue or cell type, a time point in life, or to specific physiological, pathological or environmental conditions. While this dynamic nature of enhancers enables their genomic function to determine precisely when, where and at what level each of our genes is expressed, it further complicates the discovery and functional annotation of enhancers in the genome. day 11.5), and in principle numerous other functions exist in non-coding DNA that could cause sequences to be conserved. These findings suggested that enhancers are a major category and are possibly even the predominant type of functional element in the non-coding portion of the genome.
Even with the success of comparative genomics in identifying enhancers, conservation alone has limitations. For instance, there are hundreds of highly conserved genomic sequences for which no enhancer function could be demonstrated in transgenic assays. This might be due to limitations of currently available assays to selected time points of development, but it is also possible that these sequences are conserved because of important functions other than being enhancers. Furthermore, the fact that a sequence is conserved and therefore might be an enhancer does not provide any clues as to when and where such function might occur within humans. As an additional challenge, recent studies support that a substantial fraction of enhancers displays modest or no conservation across species, thereby further limiting this evolution-based approach 6, 7 . Some of these challenges can be addressed using a more recent enhancer identification method that exploits advances in high-throughput sequencing of histone modifications and other epigenomic marks directly from cell lines or primary tissues. This so-called 'ChIP-seq' approach (for chromatin immunoprecipitation followed by high-throughput sequencing) proves to be powerful as it is independent of DNA conservation and defines enhancer catalogues directly from the cells or tissues of study. Marks commonly used for identifying putative enhancers include p300 (REF. 8 ), histone H3 acetylated at lysine 27 (H3K27ac) 9 and H3 monomethylated at K4 (H3K4me1) 10 . The mapping of DNase I hypersensitive sites represents another useful approach 11 . All of these marks have proved to be useful in various mammalian species, with antibodies to histone marks as well as DNase I hypersensitivity having broad application across many forms of eukaryotic life.
Despite these challenges, traction has been made in the past decade for identifying enhancers on a genome scale. Initially, this was facilitated by comparative genomics, in which non-coding sequences that are highly conserved between different vertebrate and mammalian species were found to be enriched for enhancers, especially those that are active in early development 3, 4 . Remarkably, the systematic testing of hundreds of highly conserved human non-coding DNA sequences in transgenic mouse reporter assays revealed that about half were enhancers 4, 5 . This enrichment in enhancers is surprising, since these studies assayed only a single time point of mouse development (namely, embryonic These molecular tools were largely shown to be useful for enhancer identification through their experimental validation using enhancer reporter vectors either in vitro 10 or in vivo 8 . A remarkable finding from surveys of tissues and diverse cell lines is the growing evidence for the sheer number of enhancers in our genome. It is estimated that hundreds of thousands of enhancers exist in the human genome 12, 13, 14 , vastly outnumbering our ~20,000 protein-encoding genes. This observation continues to point to the importance of regulating gene expression as a primary level of controlling genome and ultimately organism function.
A second finding from these epigenomic approaches is how poorly conserved enhancers can be in a given tissue. This includes examples of enhancers identified in liver tissue across a panel of vertebrates 6 , as well as enhancers uncovered in heart tissues from both mice 7 and humans 15 . These early findings highlight the importance of studying certain tissues directly from the species under investigation (that is, humans) versus attempting to use standard animal models to derive their identity (that is, mice). It is anticipated that large studies aimed at enhancer identification, such as ENCODE 14 , will continue to transition their focus from animal models and human cell lines to primary human tissues on the basis of these findings.
Despite the great value of this new generation of experimental tools for uncovering enhancers on a genome scale, there are also some limitations. For example, there is currently no single 'enhancer mark' that can be used to identify all genomic regions that are enhancers and that predicts with certainty whether a given enhancer is active or inactive in a given cell type or tissue. All enhancer prediction methods described to date, whether conservation-or epigenomics-based, are less than perfect; that is, comparison with experimental validation series shows that some enhancer regions are missed (false negatives), and other sequences predicted to be active enhancers cannot be validated by complementary methods (false positives). Consequently, in using such information for gene-centric follow-up, care must be taken to confirm that these predictions are valid prior to embarking on larger investigations. Notwithstanding the progress that has been made, complete annotation of all enhancers in the genome by epigenomic approaches remains a daunting task owing to the nearly endless number of cell types and conditions that one would need to explore. Further advances to fill this void are needed in higher-throughput and lower-cost enhancer identification strategies, as are advances in the ability to isolate and to work with smaller tissue input amounts (including single cells) as well as the parallel development of more effective computational predictions of enhancers. Indeed, much work remains to identify enhancers globally and ultimately to connect their function to human biology and disease. Marcelo A. Nobrega is an Associate Professor of Human Genetics at the University of Chicago, Illinois, USA. His scientific interests include the functional characterization of non-coding sequences in the human genome. As a member of the ENCODE Consortium, his laboratory developed technologies that helped in the identification of tissue-specific, distant enhancers and the demonstration of mechanisms by which disease-associated genetic variants within these enhancers increase risk to complex diseases such as prostate cancer, diabetes and cardiovascular diseases. His current research is geared towards the functional annotation of other categories of non-protein coding DNA -such as insulators, repressors and those encoding long non-coding RNAs -and their impact on phenotypic variation and diseases.
Gill Bejerano, Assistant Professor of developmental biology and computer science at Stanford University, California, USA, discovered ultraconservation in 2003 while clustering human non-coding DNA into families. He also studied mobile element co-option and non-coding genome evolution. His laboratory studies human gene regulation. Their widely used GREAT tool annotates cis-regulatory data sets for function, and their recent PRISM resource predicts novel transcription factor functions. They study tissue development and are particularly interested in the placenta and neocortex. They discovered the first enhancers conserved between deuterostomes and protostomes, worked on regulatory elements uniquely missing in humans and are currently studying personal genomes. The laboratory also recently developed a novel 'forward genomics' approach to link genome and trait evolution.
studies of bacterial regulators such as the Escherichia coli lac operator. While these elements work over relatively short (<100 bp) segments of DNA and on a nonnucleosomal template, this concept has been extrapolated to mammalian enhancers, which can be located as much as a million base pairs away from their target genes and function on a complex chromatin template.
Evidence for the formation of loops between long-range enhancers and promoters comes mainly from two strands of evidence. The first is the cross-linking, by formaldehyde, and subsequent ligation together of enhancer and promoter DNA sequences as detected in chromosome conformation capture (3C)-type methods. The second is the visualization, by fluorescence in situ hybridization (FISH), of the spatial proximity of enhancer and promoter regions in the cell nucleus. In some cases, both of these assays do indeed support looping mechanisms that bring distant cis-regulatory elements into very close (<200 nm) proximity of their target genes in a tissue-restricted manner.
However, in some other cases in which bona fide regulatory elements can be captured by cross-linking to the appropriate gene promoter, visual assays do not detect a significant frequency of spatial co-localization between the enhancer and the promoter 16 . This may be because the chromatin loops are too transient to detect by FISH or because the 3C ligation products are established through indirect cross-linking of enhancers and promoters to relatively large (300-400 nm) nuclear substructures or supramolecular complexes. In the latter case, I would say that there is not a DNA loop as such being formed between the enhancer and the promoter.
In cases where looping does occur, how do the loops form? Generally, the assumption is that enhancer-promoter looping serves to deliver factors (for example, RNA polymerase, transactivators and transcription factors) to the promoter in the right tissue and at the right time. Since chromatin is a very large flexible polymer, the default conformation of which is not a series of structured loops, there must be specific mechanisms for stable loop formation. The directed formation of large loops by active chromatin bending would require considerable energy input, and we do not know of active mechanisms operating in interphase that can do this over such large distances. However, chromatin continuously undergoes movement by constrained diffusion 17 .
The radius of this constraint is sufficiently large that any two sequences within approximately 1 Mb of each other can randomly encounter each other in the nucleus. If there are protein complexes bound at the promoter and enhancer that have affinity for one another, a chromatin loop may then be stabilized through this passive mechanism. Proteins that might be able to do this include those with dimerization or oligomerization domains and that are present at both the promoter and the enhancer. The most striking experimental demonstration of this, and of the ability of loops to activate transcription, comes from the tethering of LDB1 at the β-globin locus in erythroid cells 18 . The formation of a loop, which juxtaposes sequences associated with multiple transcription, chromatin-modifying and chromatin-remodelling factors, will increase the local concentration of these factors and so promote the formation of further proteinprotein and protein-DNA complexes. Indeed, increased local protein concentration has been shown to be a key mechanism through which looping affects repression by the lac repressor 19 . evidence for propagation of histone modifications across the intervening chromatin 21 and by the activity of enhancer-blocking sequences 22 . It is harder to imagine the scanning and linking mechanisms operating at enhancers located hundreds of thousands of base pairs away from their target promoter, often with intervening genes that do not respond to the enhancer. Nor is there any reason to think that all enhancers function through the same mechanism. Indeed, components of both one-dimensional and three-dimensional diffusion have been observed for the lac repressor in living E. coli cells 20 .
How do enhancers bring about gene expression?
Ann Dean. Enhancers are DNA-regulatory elements that activate transcription of a gene or genes to higher levels than would be the case in their absence. These elements function at a distance by forming chromatin loops to bring the enhancer and target gene into proximity 23 . It is thought that lineagespecific DNA-binding transcription factors bound at promoters and enhancers either interact with each other or recruit 'looping' factors that mediate the long-range contacts that are detected by chromosome conformation capture (3C) or related assays. Recent data also suggest that insulator-binding proteins CTCF and cohesin may facilitate enhancer-promoter interactions.
How do enhancers affect transcription? Genome profiling has revealed that general transcription factors (GTFs) and RNA polymerase II (Pol II) are recruited to enhancers 24 . Thus, it appears that enhancers serve as centres for the assembly of the pre-initiation complex (PIC). Loop formation might increase the local concentration of transcription machinery components in the vicinity of the target gene, or the enhancer might serve to 'deliver' the PIC to a promoter. Enhancers might be important for nuclear relocation of the enhancer-promoter pair to a neighbourhood that is favourable for transcription. There is evidence for each of these models, but important questions remain about the mechanistic details and how the models might relate to each other.
During PIC formation, the Mediator co-activator complex bridges upstream activators and Pol II. Can Mediator bridge to activators bound at enhancers over long distances? Indeed, in embryonic stem cells (ESCs), Mediator subunits (MED1 and MED12) co-localize with cohesin at enhancers and promoters, and cohesin enhancers ... can be located as much as a million base pairs away from their target genes and function on a complex chromatin template So what about situations where DNA loops between enhancers and gene targets cannot be directly visualized in the nucleus? In some of these cases, the intervening chromatin seems to be in a compact state so that enhancer and promoter are still relatively close to each other (200-400 nm) 16 . The high concentrations of transcription factors and protein complexes nucleated by enhancer binding could then simply diffuse through this restricted nuclear volume to find and activate transcription from the target promoter. Diffusion might also be facilitated by nonspecific binding to the intervening chromatin, and indeed this type of scanning has been observed for the lac repressor in vivo 20 . Examples of proteins scanning the chromatin between enhancers and promoters have also been reported in eukaryotes 21 . Akin to the scanning model, the linking model proposes that chromatin complexes assembled at enhancers actively reorganize the chromatin between enhancers and promoters and is supported by is necessary for loop formation between them 25 . Other studies showed that MED1 interacts with GATA1 (REF. 26 ), a key erythroid transcription factor required for locus control region (LCR) looping to the β-globin gene 27 , and the two co-occupy the LCR 28 .
Enhancer looping also appears to have a role in Pol II elongation. The LCR and the β-globin looping factor LIM-domainbinding 1 (LDB1) are needed for proper release of Pol II from pausing within the β-globin gene 30, 31 . Most recently, the elongation factor ELL3 was found to occupy enhancers in ESCs 32 . The association of ELL3 with the enhancers was required for proper Pol II occupancy at developmentally regulated genes. Both cohesin and Mediator were found to be associated with many ELL3-occupied enhancers and cohesin mediated long-range interactions of an ELL3-occupied enhancer in the homeobox cluster A (HOXA) locus. Together, these studies show that enhancers can influence both Pol II initiation and elongation through direct participation of transcription machinery components in looping.
Another means by which enhancers could influence transcription of their target genes is through their own transcription. It has been known for many years that sense and antisense transcripts arise from certain enhancers, although the function of the transcripts was unclear. Is the RNA or the transcription per se important, or is the transcription simply incidental to transcription of a looped gene? Now, genome-wide studies have revealed that enhancers are frequently transcribed into non-coding RNAs of various length, polyadenylation status and strand specificity 33, 24, 34 . Furthermore, enhancer RNAs (eRNAs) have been used to identify active enhancers, suggesting that enhancer transcription is a part of the enhancer activation process 35 . Transcription of the eRNAs correlated with mRNA synthesis at nearby genes, suggesting an involvement in transcription regulation 33, 34 . It seems unlikely that the transcription is a by-product of activation of the target gene, since knockdown of a subset of the eRNAs resulted in decreased gene transcription 34 . This suggests that the RNA itself is required for the enhancer effect, not simply transcription of the non-coding RNA (ncRNA) gene. An intriguing possibility is that eRNAs may have a structural role in establishing or stabilizing enhancer-promoter loops. In fact, new data provide support for this idea 36 . Nevertheless, at this point, the function of enhancer ncRNAs requires considerable further study and validation. a transcription factory. In the absence of the LCR or after reduction of the looping factor LDB1, β-globin loci fail to migrate to factories, implicating enhancer loop formation as a prerequisite 41, 31 . However, other scenarios can be envisioned, and this question remains to be rigorously addressed.
Future work may broaden the perspective; however, thus far, mechanistic insights into how enhancers bring about gene expression all invoke looping. In some cases, looping can directly involve components of the transcriptional machinery. Moreover, looping may be influenced by enhancer transcription. Finally, enhancer looping on a genome-wide scale may organize active regions of the genome and may determine the destiny of certain genes for transcription factories. Is enhancer looping sufficient for gene activation? Forcing an enhancer-gene loop in the absence of the normal transcription regulators in the β-globin locus was sufficient to activate transcription at least partially, supporting the idea that enhancer looping causally underlies the transcriptional change 18 . How looping relates to transcription factory residence is an intriguing question. A single-cell technology for determining interaction frequency between sites in chromatin, comparable to the resolution obtained using FISH, would be a substantial advance. Other pressing needs for the future are to determine in an unbiased way the proteins underlying nuclear enhancerpromoter loop organization and to uncover how movement in the nucleus orders the landscape for gene expression.
How do mutations and variants in enhancers influence human disease?
Marcelo A. Nobrega. About 85% of human DNA under evolutionary constraint corresponds to non-protein-coding sequences 42 , a sizeable fraction of which constitutes cisregulatory elements. It is not surprising, thus, that genetic variation within these regulatory sequences has the potential of resulting in phenotypic variation and underlies the aetiology of human diseases. Early examples of altered gene regulation as a mechanism of human diseases emerged over three decades ago, with the demonstration that translocations in the β-globin gene cluster result in thalassaemias. In the absence of mutations in the globin genes, the disease emerged as a consequence of the disruption in the linear relationship between the globin genes and their distant cis-regulatory elements 43 . Over the past decade, genomic sequencing efforts confirmed these predictions
The picture that emerges is of an ensemble of enhancer-gene interactions that determine a specific cellular transcriptome Recent studies document looping interactions between enhancers and promoters on a genome-wide scale. Comprehensive mapping of RNA Pol II-associated long-range interactions in different cell types suggested a structural framework of multi-gene complexes involving close enhancer-promoter interactions to accomplish cell-specific functions 37 . Other studies documented a substantial overlap of CTCF occupancy with the enhancers 38, 39 , which is consistent with the finding that tissue-specific CTCF sites co-localized significantly with enhancers (50%) in ESCs 12 . These studies of genome-wide enhancer looping have been tied together with eRNAs in a report indicating a significant correlation among gene expression, promoter-enhancer looping and transcription of the enhancers 39 . The picture that emerges is of an ensemble of enhancer-gene interactions that determine a specific cellular transcriptome.
How are these multi-gene complexes organized? The close approximation of active enhancer-gene pairs and similarly regulated genes fits well with the concept of transcription factories that are focal concentrations of RNA Pol II. The coordinately regulated α-and β-globin genes were already known to occupy the same factory much more frequently than they do different ones 40 . This now seems likely to be a generalizable phenomenon. Can a connection be drawn between transcription factory residence and loops between enhancers and promoters? Enhancer loops might serve to deliver the activated gene to and afforded a better understanding of the pervasiveness of mutations in distant cisregulatory elements -the vast majority of which are enhancers -underlying human diseases 44 . The picture that has gradually emerged from these studies is that regulatory mutations result in both Mendelian and complex disease traits, that their frequency spectra range from rare to common and that their phenotypic effects range from small to large. However, the functional characterization of putative disease-causing regulatory mutations remains an important challenge, and most mechanistic demonstrations resort to experimental strategies that involve large amounts of labour, cost and time.
Genetic variation in distant enhancers has been linked to several human Mendelian disorders. In an early demonstration of this, mutations in an enhancer controlling the expression of sonic hedgehog (SHH) from a megabase away was shown to result in pre-axial polydactyly in families. This phenotype is shared with patients carrying a chromosomal translocation that removes this enhancer from the general vicinity of SHH 45 . However, the phenotypic impact of mutations in enhancers may vary substantially from that of protein-coding mutations, even if both are connected to the same gene. Mutations in enhancers are largely limited to cis effects on transcription, whereas those in protein-coding sequences may alter broader aspects of gene expression, such as RNA processing and stability, protein folding, and so on 46 . Another central distinction between the impact of coding and non-coding mutations relates to the modularity of distant enhancers: each enhancer of a gene is responsible for a subset of the quantitative, temporal and spatial expression of that corresponding gene. As an example, coding mutations in TBX5 -a gene involved in heart and forelimb development -results in Holt-Oram syndrome, which is characterized by cardiac and forelimb malformations. Smemo et al. 47 showed that the enhancers regulating the cardiac expression of TBX5 do not regulate limb development and that mutations in these enhancers result in cardiac but not limb malformations, effectively decoupling the heart-limb phenotype usually associated with TBX5 coding mutations.
While most regulatory mutations leading to disease that have thus far been characterized disrupt pre-existing enhancers, gain-of-function mutations are also likely to participate in disease processes. De Gobbi et al. 48 demonstrated how a non-coding variant that segregates in Melanesians in an otherwise non-functional, anonymous stretch of DNA fortuitously creates a functional cis-regulatory sequence, resulting in the spurious activation of α-globin genes and the consequent onset of α-thalassaemia in affected individuals. Thus, the mutational space of non-coding sequences, already estimated to be much larger than that of coding sequences, is likely to be an underestimation of the true figure. by Musunuru et al. 53 . Finally, the detailed characterization of a genetic or signalling pathway associated with a disease may reorient the target of biological exploration. As an example, the association of TCF7L2 to type 2 diabetes (T2D) has resulted in a large effort to dissect functionally the mechanism for this association in pancreatic β-cells. However, recent data posit that non-pancreatic actions of TCF7L2 may in fact underlie the increased disease risk to T2D [54] [55] [56] . Clear challenges remain to be addressed both in the identification of regulatory variants contributing to human diseases and the experimental interrogation of the impact of those variants on biological processes. New technologies that effectively assay functional variants, teasing out their biological impact in high throughput, will be necessary to replace the laborious and low-throughput experimental strategies used thus far. Extrapolating the notion of mutation burden and aggregate analysis used in exome sequencing to regulatory elements will prove a formidable task, and yet it is likely that the genetic architecture of several common diseases will include various regulatory mutations in multiple enhancers within an individual.
Finally, the almost exclusive focus of regulatory mutations on distal enhancers reflects our inability to assay functionally other types of regulatory elements in the genome. Yet other classes of regulatory elements, such as insulators, repressors and matrix attachment regions, are abundant in the human genome and almost certainly have their function modified by rare and common genetic variants. The development of new experimental assays to interrogate these elements and their putative allelic variants will contribute to uncovering the genetic mechanisms of several human diseases that have as their molecular base variants in distal cis-regulatory sequences.
How important are changes in enhancers for evolution?
Gill Bejerano. Modern technologies driven by next-generation sequencing, such as ChIP-seq, that reveal all genomic DNA in a particular functional state provide breathtaking snapshots of gene regulation in action. We see large amounts of open chromatin, dynamic domains of histone modifications and many thousands of binding sites for virtually any transcription factor and co-factor under any condition 14 . How many of these biochemical events that we observe actually contribute to gene regulation is an the phenotypic impact of mutations in enhancers may vary substantially from that of protein-coding mutations
The modularity of enhancers and their functional compartmentalization imply that regulatory mutations will often have a lower burden on fitness than will coding mutations and may reach high frequency in populations. As a prelude to understanding how common variation in distal enhancers might underlie the genetic architecture of several complex traits and diseases in humans, Emison et al. 49 demonstrated that common mutations in an intronic enhancer of RET increase risk to Hirschsprung's disease, which is a multifactorial disorder. The emergence of genome-wide association studies (GWASs) later confirmed this prediction, and a current estimate is that up to 85% of GWAS loci have non-coding variants as the likely causal association for the trait evaluated 44 . These regulatory variants often reach high frequency in populations and are predicted to affect disease risk through small phenotypic effects, contrasting with the large effect Mendelian variants discussed above.
The precise identification of diseasecausing regulatory variants within GWAS loci remains an important challenge, especially in terms of the experimental validation of the putative functional effects of these variants. Nevertheless, a number of regulatory variants in enhancers emerging from GWAS hits have been functionally characterized, and several insights have come out of these studies. First, the same variant may have an impact on the risk for more than one disease 50, 51 . Second, new mechanisms of disease have been uncovered or confirmed, such as an altered response to inflammatory signalling underlying the risk of coronary artery disease 52 . Third, uncovering the physiological impact of regulatory variants will often necessitate the use of appropriate cell lines and/or animal models, as illustrated open question. How many of these 'matter' (that is, affect fitness) is even harder to answer. With these caveats in mind, it is still safe to assume that at least 5-10 times as much of the human genome codes for gene regulatory functions (10-20%) as is devoted to coding for the transcripts themselves. How this landscape is exactly divided between enhancers and other gene regulatory regions, such as repressors and insulators, and indeed how many of these elements have multiple roles under different cellular conditions is only starting to unfold. The evidence we have suggests that a large fraction of gene regulatory regions can act as enhancers 4, 5 . By virtue of occupying so much genome landscape, enhancers provide a large potential target for evolution.
Genome evolution is driven by mutation and selection. An adaptive genomic mutation can take hold by improving fitness in at least one context that the locus is used in while not perturbing function too much in any other context of its use. Most human genes are expressed in multiple cells and tissues at different times. A gene sequence mutation may perturb the organism in all contexts where the transcript is in use, increasing the likelihood of a detrimental effect. The expression domain of a gene, however, is often the sum of inputs from multiple enhancers (and other cis-regulatory elements), each active in only a subset of contexts (for example, REF. 47) . Thus an enhancer mutation may affect a smaller subset of functional contexts. If it happens to be beneficial in one context, there are fewer other contexts to reconcile with. This modularity makes enhancers even more likely fodder for evolution 57 . Framed by our growing interest in them, there are still a number of fascinating fundamental questions to be addressed at a number of levels about the contribution of enhancers to evolution.
To understand the mechanisms by which enhancers might contribute to evolution, a good starting point is to ask the question 'how are enhancers "born"?' Despite exciting strides being made in determining the biochemical properties of enhancers, we still lack a deep understanding of enhancer logic. For example, we do not know how small or simple enhancers can be at their birth. The handful of enhancers that have been studied in detail are bound by multiple transcription factors over dozens of bases 58 . We also see numerous co-regulated groups of genes in multiple contexts, but our understanding of enhancer logic and gene networks is not deep enough to know how sequenceconstrained the enhancers driving these gene groups must be. The more complex and constrained we presume an enhancer must be to contribute to fitness, the less likely it is that functional enhancers are to arise de novo in neutrally evolving DNA. Duplication and divergence of pre-existing enhancers, including in the context of gene duplication, is an appealing model. Surprisingly, however, the majority of human conserved non-exonic genomic loci does not show such homologies 59 . Britten and Davidson 60 proposed an enticing alternative scenario: by scattering thousands and millions of long stretches of almost identical 'repeats' throughout the genome, mobile elements may greatly increase the probability that portions of a fraction of sequences will mutate into enhancers of similar logic and domains of expression next to previously functionally unlinked genes. Multiple groups have made important strides in providing evidence for this hypothesis, yet the prevalence of this mode of gene network evolution remains unknown 61 . loss of vibrissae and penile spines and with brain expansion; and human-specific mutations that change the expression domain of enhancers near important developmental genes. Regulatory mutations also probably underlie many human population-specific adaptations, such as lactase persistence 69 . How widespread is evolution through changes in enhancers likely to be compared with other mechanisms? Ohno 70 speculated that the major driving force in molecular evolution is gene duplication. Differences in gene copy numbers do dominate the literature: for example, the list of studied differences between humans and chimpanzees 71 . But they dominate it by virtue of ascertainment bias. King and Wilson 72 probably grabbed the bull by the horns. The vast majority of nucleotide differences between any two humans, or between humans and related species, are non-coding. Most of these are probably neutral or nearly neutral. But what fraction of mutations leading to a change in phenotype is gene regulatory?
Studies of the genetic variants that underlie common diseases provide insights that help to address this question. Until recently, we expected nearly all genomic mutations leading to human disease to be coding. Now that we can agnostically assay the genome for disease-associated variants, we see that over 80% of GWAS-associated singlenucleotide polymorphisms (SNPs) are noncoding 44 (a similar fraction to our estimate of regulatory sequence versus coding sequence in the genome) as well as a growing list of individual regulatory loci contributing to human disease 43 . Disease and adaptation are two sides of the same molecular coin. A multiple-population genome-wide study of marine-to-freshwater adaptation in stickleback fish finds a similar split: over 80% of loci carrying the genomic hallmarks of adaptive evolution are probably regulatory 73 . How should we go about increasing our understanding of the contribution of enhancers to phenotype evolution? Because there are so many of them, because several of them may contribute to any single gene expression pattern and mostly because we poorly understand their logic, enhancer functions are harder to pin down 74 
.
Technology and experimentation will continue to have major roles in our growing understanding of enhancers. But both the space of all states that the genome of an organism regulates and the number of players involved in its regulation are so large that even the biggest consortium-based projects can only chip away at them for the foreseeable future. With so many functional data By virtue of occupying so much genome landscape, enhancers provide a large potential target for evolution Over a million non-coding genomic loci, nearly a fifth of which significantly overlap mobile elements, are evolving under purifying selection in the human genome 62 . Experiments suggest that most are probably enhancers and related gene regulatory components 4, 5 . They mutate slowly 62 and are rarely deleted 63 (but see exceptions 64 below). Some human enhancers are staggeringly old 65, 66 . This mode of enhancer evolution provides the strongest bulk argument for enhancer contribution to human phenotype evolution.
Multiple researchers, too many to reference individually, have contributed studies of loci where enhancer modifications probably drive the evolution of specific phenotypes. Tellingly, these studies span bilaterians that range from insects to humans, as well as multiple forms of enhancer mutation, including base-pair substitution and deletion 57, 67, 68 . They include: mutations in insect species that have driven Drosophila spp. body and wing pigmentation and larval trichome formation, and butterfly wing patterning; enhancer lesions leading to pelvic fin loss in fish populations; enhancer losses associated with the human-specific sets and so many genomes of humans and related species becoming available 75 , this is a wonderful opportunity for young researchers to make their mark in deciphering the logic and secrets of enhancer evolution and genotype-to-phenotype relationships. For the data deluge will be most valuable when it is turned into insights to the real deluge, which is life itself.
Finally, it is important to recall that enhancers are only the most widely assayed of the cis-regulatory elements. Repression of gene expression and insulator-mediated partitioning of the genome into gene regulatory domains are probably also important contributors to gene regulation and its evolution. This wealth of gene-regulatory functions, the number of elements in the genome that encodes them and the extent to which they contribute to evolution assure that gene regulation will remain an exciting field for years to come.
However, there was little shift from Sanger sequencing until the recent introduction of high-throughput sequencing methods, which are often collectively referred to as 'next-generation' sequencing (NGS) and which have facilitated substantial increases in sequencing content while dramatically decreasing the cost per base. With NGS technologies, the amount of DNA to be sequenced is no longer a barrier to launching a new or expanded clinical test. Thus, the limiting factor in deciding the content of the test is no longer the size of the gene or its relative contribution but is instead the pace of the discovery of the genes relevant to a given phenotype.
There is much discussion of the potential of genome or exome sequencing in clinical contexts, but the major current application of NGS in diagnostics is through diseasetargeted tests. Here I discuss the existing practical applications of such tests, how they are already being integrated into patient care, why such tests remain important in an era of genomic sequencing and the challenges that remain.
Tests being applied
Moving to multi-gene tests. Next-generation sequencing (NGS) is gradually making its way into clinical laboratories. Although there is some use in infectious disease testing, most applications have been in diagnostic testing for hereditary disorders and, more recently, therapeutic decision-making for somatic cancers. The use of NGS technologies to move from testing single genes or small panels of genes to large multi-gene diseasetargeted panels was a logical first step for the clinical application of these technologies.
